Half-metallicity in NiMnSb: A variational cluster approach with ab initio parameters by Allmaier, H. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a preprint version which may differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/84312
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
ar
X
iv
:0
90
9.
38
07
v!
 
[c
on
d-
m
at
.st
r-e
l] 
21 
Sep
 
20
09
H alf-m etallicity in NiM nSb: 
a Variational Cluster Approach w ith ab-initio param eters
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Electron correlation effects in the half-metallic ferromagnet NiMnSb are investigated w ithin a com­
bined density functional and m any-body approach. S tarting from a realistic m ulti-orbital Hubbard- 
model including M n  and Ni-d  orbitals, the m any-body problem is addressed via the Variational 
C luster Approach. The density of states obtained in the calculation shows a strong spectral weight 
transfer towards the Fermi level in the occupied conducting m ajority spin channel w ith respect to 
the uncorrelated case, as well as states w ith vanishing quasiparticle weight in the minority spin gap. 
A lthough the two features produce competing effects, the overall outcome is a strong reduction of 
the spin polarisation at the Fermi level w ith respect to  the uncorrelated case. This result emphasizes 
the im portance of correlation in this material.
I. IN T R O D U C T IO N
More th an  tw enty years ago de Groot et al.1 carried 
out electronic struc tu re  calculations for the  half-Heusler 
com pound NiMnSb which showed peculiar m agnetic fea­
tures leading to  the discovery of a new class of m aterials, 
the  so-called half-m etallic ferrom agnets. Such m aterials 
differ from conventional ferrom agnets in th a t they  dis­
play a gap in one of the  spin channels only. The con­
cept of half m etallicity boosted the research in spintron- 
ics - an em ergent technology which makes use of spin 
and charge of electrons a t the same tim e. Spintronic 
applications such as spin-valves, polarized electron in­
jec to rs/de tecto rs or devices using tunneling and giant 
m agneto-resistance effects promise to  revolutionize mi­
croelectronics once highly polarized electrons can be in­
jected  efficiently a t room  tem pera tu res2,3.
U nfortunately, the theoretically  predicted ideal full 
spin polarization of half-m etals has not yet been found 
experim entally. As a m a tte r of facts, experim ents show 
th a t full polarization is lost a t tem peratu res of the order 
of room  tem perature, and even a t lower tem peratu res dif­
ferent factors such as s truc tu ra l inhomogeneities, as well 
as surfaces and interface properties m ay suppress it 4,5.
Despite the  fact th a t high quality  NiMnSb films have 
been successfully grown, they  were no t found to  repro­
duce the half-m etallic character of the  bulk suggested 
by spin-polarized positron-annihilation 6,7. Values of spin 
polarization  were reported  between 40% in spin-resolved 
photoem ission m easurem ents8 up to  58 ±  2.3% by super­
conducting point contact m easurem ents a t low tem per- 
a tu res2 (see also Refs. 9,10). The discrepancy between 
theoretical calculations1 and the above m entioned exper­
im ental facts were a ttrib u ted  to  surface and interface ef­
fects. Consequently, different surface and interfaces of 
NiM nSb were theoretically  investigated by de Wijs and 
de Groot4, which dem onstrated  th a t half-m etallicity can 
be preserved a t the  surface an d /o r interface by suitable 
reconstruction4. The theoretical situation  is com plicated
by the fact th a t the  spin polarisation (or, more precisely 
the tunneling m agnetoresistance) displays a substantial 
uniaxial anisotropy in this m ateria l.11
Recently, finite-tem perature correlation effects were 
addressed in several half-m etals5,12,13’14’15’16. For 
NiMnSb, a Local Density A pproxim ation plus D ynam ­
ical M ean Field Theory calculation (L D A +D M F T ) 12 
showed the  appearance of so-called non-quasiparticle 
(NQP) states. These sta tes originate from spin-polaron 
processes 17,18, whereby the spin-down low-energy elec­
tro n  excitations, which are forbidden for half-m etallic 
ferrom agnets in the one-particle picture, tu rn  out to  be 
possible as superpositions of spin-up electron excitations 
and v irtual m agnons5,17,18. Here, we extend th is study  
by adopting the V ariational C luster Approach (VCA), 
which includes correlations beyond the locality cap tured  
by D M FT. In addition, the VCA is based on exact di- 
agonalisation, which is more appropriate th an  the dia­
gram m atic m ethod (FLEX) adopted in Ref. 12 to  solve 
the im purity  problem . In a previous p ap er,19 we used 
the VCA to  investigate the  spin polarization in NiMnSb 
taking into account only the M n-d  orb ital basis set. Our 
calculations showed th a t the M n-d-only basis set is not 
sufficient to  appropriately  describe the low energy spec­
tru m  of NiM nSb around the Fermi level. For th is reason, 
in the  present work we adopt a m ulti-orbital H ubbard- 
type H am iltonian which includes all 10 M n  and N i-d  or­
bitals. O ur present calculation confirms th a t the inclu­
sion of the la tte r is essential for a proper description of 
ferrom agnetic properties and of the  m inority  spin gap in 
NiMnSb.
O ur results support the  existence of sta tes w ithin 
the m inority  spin gap in agreem ent w ith previous 
L D A +D M FT  calculations5,12. In addition, they  indi­
cate th a t these so-called nonquasiparticle sta tes indeed 
have a vanishing quasiparticle weight a t the Fermi en­
ergy. At the same time, our results predict a correlation- 
induced spectral weight transfer for the m ajo rity  spin 
states. The com bination of these two effects yields a
2polarization  whose energy dependence is in qualitative 
agreem ent w ith experim ents. These calculations lead to  
the conclusion th a t even in the presence of medium-size 
interactions, electron correlations significantly affect the 
spin polarisation  in half-m etals.
This paper is organized as follows: in section II we 
present the m ethods used to  investigate the electronic 
s truc tu re  of NiMnSb. In particu lar, in Sec. I IA  we 
describe the ab-initio  construction  of the m any-body 
model H am iltonian. Specifically, the  uncorrelated  p a rt 
of the H am iltonian for excitations in the  vicinity of the 
Fermi level is obtained from the so-called downfolding 
technique20,21 w ithin the N th-order muffin tin  orbital 
(NM TO) m ethod. In Sec. IIB , we give a short sum ­
m ary  of the VCA approach. We present and discuss our 
results in Sec. III. In particu lar, in Sec. III A, we evaluate 
the density  of sta tes w ithin VCA and discuss the results 
in the framework of previous calculations. In Sec. III B 
we discuss k-dependent spectral properties, nam ely the 
spectral function and the self-energy. Finally, spin polar­
ization and its com parison w ith experim ents is discussed 
in Sec. IIIC , and the sum m ary of the results is presented 
in Sec. IV .
for Sb and s(pd)-partia\ waves for the  em pty sphere E. 
( l) m eans th a t the l-partia l waves are downfolded w ithin 
the selfconsistent calculations.
I I . E L E C T R O N IC  S T R U C T U R E  
C A L C U L A T IO N S  F O R  N IM N S B
The interm etallic com pound N iM nSb  crystallizes in the 
cubic struc tu re  of M gAgAs type (C1b) w ith the fc c  B ra­
vais la ttice  (space group ^43/??. =  T j) . This struc tu re  
can be described as three in terpenetrating  fcc lattices of 
Ni, M n  and Sb w ith  the  la ttice  param eter a =  11.20ao 
(a0 =  Bohr radius), respectively. The N i and Sb sub lat­
tices are shifted relative to  the  M n  sublattice by a quar­
ter of the  [111] diagonal in opposite directions, see also 
Fig. 1. The im portan t aspects1,5,22’23’24’25 which deter­
mine the behavior of electrons near the Fermi level, as 
well as the half-m etallic properties are the  in terplay  be­
tween the crystal s tructu re , the  valence electron count, 
the covalent bonding, and the large exchange splitting  of 
M n-d  electrons. For the m inority  spin gap opening, not 
only the M n-d-Sb-p  interactions, bu t also M n-d-N i-d  in­
teractions have to  be taken into account. In addition, the 
loss of inversion sym m etry produced by the C1b structu re  
(the sym m etry lowering from Oh in the L21 structu re  to  
Td in the  C1b structu re) are im portan t for these effects. 
The existence of sp-valent Sb is crucial to  provide stab il­
ity  to  th is com pound.
The crystal s truc tu re  is shown in Fig. 1. The positions 
occupied by atom s are represented by spheres. For illus­
tra tive  purposes, in Fig. 1 the radii of the spheres were 
chosen arbitrarily . The actual muffin-tin radii used in 
the calculations are R f T =  2.584; R ff  n  =  2.840; R f T =  
2.981 and R f  T =  2.583 (atom ic units) for the  vacant po­
sition situa ted  in (1 /4 ,1 /4 ,1 /4 ) . The LM TO-ASA basis 
used for the self-consistent calculations contains the  spd­
p artia l waves for M n  and Ni, the sp(df)-partia l waves
FIG. 1: (Color online) The conventional unit cell for the semi- 
Heusler NiMnSb compound: Sb (large, blue spheres) and M n 
(medium, green spheres) sit on the same faces of the large 
cube (shown w ith thin, solid lines), N i (small, yellow spheres) 
forms a separate (small) cube drawn using dashed lines. In 
addition, the atoms belonging to  the reference system of the 
VCA calculation are connected by a thick solid line. Sb or­
bitals are downfolded and, therefore, not included directly in 
the model calculation.
A . A b -in itio  c o n s tru c tio n  o f th e  m o d e l 
H a m ilto n ia n
In order to  construct the  effective low-energy H am ilto­
nian  to  use in our VCA calculation, we employed the N th 
order m uffin-tin-orbitals scheme w ithin the LM TO-ASA 
basis set 26. The NM TO m ethod2o,21 can be used to  gen­
erate  tru ly  m inim al basis sets w ith a massive downfolding 
technique. Downfolding produces m inim al bands which 
follow exactly  the  bands obtained w ith the full basis set. 
The m inim al set of sym m etrically orthonorm alized NM- 
TO s is a set of W annier functions. In the  construction of 
the NM TO basis set the active channels are forced to  be 
localized onto the eigenchannel R lm , m aking the NM TO 
basis set strongly localized.
Fourier-transform ation of the orthonorm alized NM TO 
H am iltonian, H LDA(k), yields on-site energies and hop­
ping integrals,
±,A
XR' IH LDA -  £p
±,B \ _  tA- 
XR m /  m'
B,R'
,m
R
(1)
in a W annier representation, where the NM TO W annier
m
3functions ±,AXR m are orthonorm al. Here, t,
A -B ,R '-R de-
notes the  hopping term  from orbital m  of atom  B  on site 
R  to  the orbital m ' of atom  A on site R ' (A and  B  are ei­
th er N i or Mn) F urther inform ation concerning technical 
details of the calculation can be found in Ref. 5,27.
In a previous paper27 we discussed the chemical bond­
ing and com puted model H am iltonian param eters for the 
semi-heusler NiM nSb using only M n-d  W annier orbitals. 
As m entioned above, not only the M n-d-Sb-p, bu t also 
M n-d-N i-d  in teractions are required to  open a gap in 
the m inoriy spin channel: the m inority  occupied bond­
ing sta tes are m ainly of N i-d  character, while the  unoc­
cupied anti-bonding sta tes are m ainly of M n-d  character. 
Therefore, in the  present work we consider an enlarged 
N M TO-basis consisting of N i- and M n-d  orb itals which 
span an energy window of about ± 3 eV  around the Fermi 
energy.
The m atrix  elements for the  on-site energies =  
tm -m ’0 are given by (we use the  convention in 
which m  =  1, ••• , 5 corresponds to  the d orbitals 
{.x y , y z , zx , 3z2 —1, x 2 — y 2} in the  order)
eMn =  ( — 1411, —1411, —1411, —721, —721), (2)
e^ 1 =  (-2 4 3 9 , -2439 , -2439 , -2679 , -2679) . (3) 
The nearest-neighbour hopping term s are given by (A i  =
V 4  ! 4  ! 4  JJ
tNi-Mn,Ai _
m  t m
/ -1 5 3 -2 7 2 -2 7 2 -1 5 3 0
-2 7 2 -1 5 3 -2 7 2 76 -1 3 2
-2 7 2 -2 7 2 -1 5 3 76 0
110 -5 5 - 5 5 1 132
V 0 95 - 9 5 0 1
and the next-nearest-neighbour term s (A 2
41-701- 14 72 0
14 6 36 - 12 4
tMn-Mn, A2 
m' ,m -1 4  36 6 12 0
72 12 12 61 4
0 - 4 - 4 0 - 52
(4)
t N1-N1,A2
/ 142 35- 53 129 0
53 229 -7 1 133 29-
35- - 7 1 229 -1 3 3 -9 2
129 -1 3 3 133 40 0
V 0 92 92 0 -5 1
(5)
Here, all hoppings are given in un its of meV, and only one 
representative hopping integral is shown for each class. 
O ther hopping term s can be derived from proper uni­
ta ry  transform ation  using crystal sym m etry  (see, e.g., 
Ref. 28 for details). As one can see, the  largest hoppings 
occur between the  W annier orbitals located on Ni- and 
M n  atom s. In addition, there are further hopping term s 
in the H am iltonian, which we don’t  show here for sim­
plicity. We have taken into account hoppings up to  a
range of r  _  2.0a. Neglected hoppings are about a fac­
to r 30 smaller th an  the largest nearest-neighbor hopping. 
The non-interacting p a rt of the effective H am iltonian for 
NiMnSb, thus, has the  form
Ho E
R',R,tf {A ,B,m' ,m}
E tA —B,R. — f (6)Tm',m CBR'm 'acARma. (6)
To take into account correlation effects, we add the  spin­
ro ta tion  invariant in teraction  H i
H- = \ £  £R,A,^,^ ' m,n,o,p UmnopCCARma CARnff' cARpa' cAR oa
(7)
In Eqs. (6) and (7), caRma (cAnm a) are the usual 
fermionic annihilation (creation) operators acting on an 
electron w ith spin a  a t site R  in the orbital m  of atom  A. 
The H am iltonian we are using includes spin- and pair-flip 
term s, as especially spin flip processes are im portan t for 
a correct description of non-quasiparticle s ta te s5,14. For 
a realistic description of Coulomb interactions, the m a­
trix  elements Umnop can be com puted for the particu lar 
m aterial in term s of effective S later integrals and Racah 
or K anam ori coefficients29,30. We used for b o th  M n  and 
N i the  following effective Slater param eters: F0
l . 26eV, F Mn/Ni 5.58eV and F 4 n/Ni
Mn/N1
3.49eV, which
correspond to  U _  Ummmm _  2.0eV and give an average 
J  _  0.65eV. In addition, we checked th a t our results do 
not depend significantly on the chosen U and  J-values 
by perform ing additional calculations for U _  2.5eV and 
U _  3eV w ith J  _  0.77eV. The range of values corre­
sponds to  the one used in previous works12,13,31,32.
The on-site energies calculated in NM TO already con­
ta in  effects from the Coulomb in teraction  a t the LDA 
mean-field level. W hile this double counting can be ab­
sorbed into the chemical poten tia l when only one set 
of degenerate orbitals is taken  into account (see e.g. 
Refs. 14,33) th is is generally not possible if the full d- 
orbitals a n d /o r the orbitals of more th an  one inequiva­
lent atom  are used as basis set. Consequently, in order to  
avoid a double counting of the  Coulomb contribution, the 
corresponding H artree term s have to  be sub trac ted  from 
H 0.34 This is achieved by replacing the onsite energies 
em obtained from NM TO w ith35
JA
~ \ { U 'mmmm («m)
E
m'=m
(2Umm'mm‘ mm'm'm )(n m' ) \  . (8)
(«m) denotes the  occupation of the  N M T O  band asso­
ciated w ith atom  A  and orbital m. Notice th a t this is 
different from the occupation of the orbital m  in atom  
A. The present double-counting procedure corresponds 
to  the “around-m ean-field” scheme34,36. In order to  test 
the dependence on the double-counting schemes, we per­
formed calculations considering different schemes, such as
Aem ,m m m
4the “fully-localized” scheme and a com bination of these 
two schemes as discussed in Ref. 34. From  these tests, we 
find th a t our LD A +V CA  results for the spectral function 
rem ain unchanged for energies w ithin E F ±  1eV, while for 
energies outside th is range (from ±1eV  to  abou t ±3eV) 
a red istribu tion  of M n- and N i- sta tes is obtained.
B . V a r ia tio n a l  C lu s te r  A p p ro a c h
To solve the m any-body H am iltonian (6)+ (7), we 
employ the V ariational C luster A pproach37,38. This 
m ethod is an extension of C luster P ertu rb a tio n  Theory 
(C P T )39,40,41. In C PT , the original lattice is divided into 
a set of disconnected clusters, and the in ter-cluster hop­
ping term s are trea ted  perturbatively. VCA addition­
ally includes “v irtua l” single-particle term s to  the cluster 
H am iltonian, yielding a so-called reference system , and 
then  sub trac ts  these term s perturbatively. The “opti­
m al” value for these variational param eters is determ ined 
in the framework of the  Self-energy Functional A pproach 
(SFA)42,43, by requiring th a t the SFA grand-canonical 
poten tia l i  be sta tio n ary  w ithin th is set of variational 
param eters. In this work, we only include the chemical 
poten tia l of the  cluster as a variational param eter, which 
is necessary in order to  ob tain  a therm odynam ically  con­
sistent particle density44,45. It is not necessary to  include 
a ferrom agnetic field in order to  obtain  a ferrom agnetic 
phase, since the  sym m etry  can be broken already a t the 
finite-cluster level35. In th is paper, we use a new m ethod, 
described in Ref. 46, to  carry  out the  sum  over M atsubara  
frequencies required in the evaluation of i ,  whereby an 
integral over a contour lying a finite (not small) distance 
from the real axis is carried out.
As a reference system  we use a cluster of two sites, 
representing one M n-atom  and one N i-atom  (see Fig. 1), 
each having the full-d manifold of five orbitals. Since 
we have to  consider all five orbitals for each atom , it 
is very difficult to  use larger clusters, which have to  be 
exactly diagonalized m any tim es in com bination w ith the 
variational procedure.
I I I .  R E S U L T S
A . D e n s i ty  of s ta te s
In order to  study  the influence of correlations on the 
half-m etallic gap, we first display the spin-resolved local 
density  of sta tes in Fig. 2 . Here, we present a com parison 
of the results obtained from LSDA w ith the results from 
our LD A +V CA  calculation. The LSDA-DOS is m ainly 
characterized by a large exchange splitting  (about 3eV) 
of the M n-d  states, leading to  large spin m om ents on the 
M n-site (3.72^b ). A small induced ferrom agnetic mo­
m ent is present on N i (0.29^b ), while the  Sb mom ent 
(0.06^b ) is anti-parallel to  the  M n  m om ent. Overall, the
calculated m om ents are in very good agreem ent w ith pre­
vious ab-initio resu lts 1,5,23,25,27. The existence of large
localized M n  m om ents of abou t 3 .78^b has been verified 
experim entally by neutron  diffraction47 as well as by the 
sum  rule of the x-ray  m agnetic circular dichroism spec- 
t r a48. These two experim ents also confirm the m agnitude 
of the  LSDA-com puted m om ents for N i and Sb. The gap 
in the m inority  spin channel is about 0.5eV wide and 
the to ta l m agnetic m om ent has an integer value of 4^ B . 
Note, th a t  in Fig. 2 in LSDA the m inority  occupied bond­
ing sta tes are m ainly of N i-d  character, while unoccupied 
anti-bonding sta tes are m ainly of M n-d  character. I t was 
pointed out 1 th a t the  opening of a gap is assisted by 
Sb th rough  the sym m etry  lowering w ith the consequence 
th a t the distinction between M n-t2g and  Sb-p character 
of the electrons is lost.
Concerning the LD A +V CA  results, we find a to ta l 
m agnetic m om ent of 3 .7^B, which is in reasonable agree­
m ent w ith experim ental values47,48. In direct com parison
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FIG. 2: (Color online) Density of states for NiMnSb obtained 
from LDA+VCA (red, solid line) for values of the average 
Coulomb and exchange param eters U =  2eV and J  =  0.65eV 
for bo th  Mn and Ni atoms. in comparison to  results obtained 
from LSDA (black, dashed line).
to  LSDA, our results show th a t correlation effects do not 
affect too  strongly the  general picture of the m inority  spin 
DOS for energies which are more th an  0.5 eV away from 
the Fermi energy. In the  range 0.5eV <  E  — E F <  3eV , 
unoccupied Mn- sta tes are visible in the m inority  spin 
sector, sim ilarly to  LSDA. However, these sta tes are 
shifted to  lower energies due to  a slight reduction of the 
M n- exchange sp litting  generated by the m any-body cor­
relations. Ju s t above the Fermi level, N QP sta tes are 
present, w ith a peak around the energy of 0.06eV. It is 
im portan t to  note th a t these sta tes were also ob tained in
5previous calculations using a L D A +D M FT  m any-body 
approach 12 a t finite tem peratures. In com parison to  the 
D M FT description, the  non-local correlations cap tured  
by VCA enhance the spectral weight of the  N Q P sta tes 
and slightly shift their position. This fact leads to  the 
conclusion th a t even a local D M FT description is suf­
ficient to  dem onstrate the  existence of NQ P states as 
discussed previously 12. The spectral weight of the NQP 
sta tes is large enough, so th a t  we expect them  to  be well 
pronounced in corresponding experim ental da ta . W hile 
model calculations for single-band H am iltonians5 suggest 
th a t NQ P sta tes should only touch the Fermi level w ith 
zero weight a t T  =  0 K , in our VCA calculation they 
m ain tain  a finite weight a t the Fermi level, thus leading 
to  a reduction of spin polarisation, even a t T  =  0 K . In 
the LSDA-results, the  bonding sta tes below the Fermi 
level have dom inant N i-d  character and are responsible 
for the gap form ation. W hile these sta tes form a single 
peak a t -1.5eV in LSDA, the LD A +V C A -results show 
a splitting  into two peaks centered around — 1eV. One 
of these peaks is pushed closer to  the  Fermi level, while 
the o ther one is shifted to  higher energies. The la tte r 
correlation effect is also seen in previous LSD A +D M FT 
resu lts12.
A significantly stronger effect caused by m any-body 
correlations is visible in the  m ajority-spin  channel (see 
Fig. 2 ). Here we discuss the behaviour in the same en­
ergy range w ithin ± 3eV  around the Fermi level, since 
th is is the energy window spanned by our NM TO ba­
sis. The LSDA density  of sta tes in th is energy range is 
determ ined m ainly by the covalent N i-M n-d  hybridiza­
tion, and by the large exchange splitting  of M n-d  elec- 
tro n s1,5,27. At the Fermi level and above a reduced den­
sity  of sta tes is present. The density of sta tes obtained 
from the LD A +V CA  calculation shows a very strong 
spectral red istribu tion  for the m ajo rity  spin electrons: 
the LSDA peak s itua ted  around —3eV is lowered in en­
ergy while in the  energy range between -2eV and E F , 
a spectral-w eight transfer tow ards the Fermi level takes 
place. In particu lar, the  large LSDA-peak a t -1.5eV is 
shifted to  about — 1eV, which results in a significant con­
tribu tion  to  the sta tes a t the  Fermi level. Ju s t above the 
Fermi level, a t energies where N Q P sta tes are formed in 
the m inority-spin channel, a resonance peak is present 
for the m ajority-spin  electrons. A further m axim um  of 
the density of sta tes is present a t 0.5eV. The m eaning of 
th is m axim um  will become clear in the Sec. II IB  were the 
k-resolved spectral functions are discussed. In contrast 
to  our VCA calculation, D M FT resu lts12 do not change 
significantly the picture for the  m ajority-spin  states. Al­
though the L D A +D M FT  density  of sta tes shows a similar 
reduction of spectral weight for the peak a t —2eV, its po­
sition rem ains unchanged. The differences between these 
two results m ight be explained by the fact th a t w ithin 
D M FT M n  and  N i atom s are only coupled via the gen­
eral m any-body and charge-self consistency conditions, 
while correlations are trea ted  independently  in the  two 
atom s. In contrast, the  present VCA approach exactly
includes correlations on the length scale of the cluster. 
These in teratom  correlations are possibly responsible for 
the splitting  of the covalent N i-M n-d  electron hybridiza­
tion  in the m ajority  spin states. Due to  the breaking 
of th is hybridization, the M n-d  exchange sp litting  is de­
creased, which could explain the slight shifts of the mi­
nority  unoccupied and occupied m ajo rity  M n-d  states.
B . S p e c tra l  p ro p e r t ie s
In order to  gain insight into the nonlocal features of 
the density  of states, we com pute the k-resolved spectral 
function A (k, w). M ajority- and m inority-spin spectral 
functions are presented in Figs. 3 and 4, respectively, 
w ith k  following high-sym m etry points in the  Brillouin 
zone (BZ). The explanation  of the m ain features of the 
LSDA band  s tructu re  was provided by de Groot et. al. 
in his pioneering paper 1. Em phasis was placed on the 
in teraction  between M n  and Sb connected by the sym­
m etry  constrain t, while less a tten tion  was given to  the 
N i atom , although M n  and N i are first-neighbors and a 
strong hybridization between them  is evidenced in the 
density  of states. In our LD A +V CA  calculation, Ni-d  
and M n-d  sta tes are included explicitly, while Sb- sta tes 
are adm ixed by the downfolding procedure.
FIG. 3: (Color online) M ajority spin LDA+VCA spectral- 
function of NiMnSb (black/w hite density plot) along the 
conventional path  in the BZ. W (0.5,1, 0), to  L(0.5, 0.5, 0.5) 
through r (0 , 0, 0), X (0,1, 0), K (0, 0.75, 0.75) points and end­
ing at r (0 , 0, 0). The LSDA bands (red, th in  solid lines) are 
shown for comparison. Param eters are as in Fig. 2.
Due to  correlation, the  m ajority-spin bands crossing 
the Fermi energy are substan tia lly  narrowed w ith respect 
to  the uncorrelated  LSDA bands. Specifically, our re­
sults show for the bands crossing the Fermi level a re­
6duction of the bandw idth  from 3.2eV to  2.2eV. Along 
the p a th  W  ^  L  bo th  LSDA bands and the VCA spec­
tra l function cross the Fermi level a t alm ost the  same 
k-point. The degenerate unoccupied level s itua ted  in 
the  L-sym m etry point, around 1.5eV, is strongly pushed 
tow ards the Fermi energy, and determ ines the appear­
ance of the peak visible a t 0.5eV in the DOS discussed 
in Sec. III A . At the same tim e, correlation effects fur­
th er split the  degenerate levels a t the T-point seen in 
LSDA a t around 2eV. Note th a t along r  ^  X  cross­
ing of the Fermi level occurs close to  the corresponding 
crossings of the  LSDA-bands. Furtherm ore, along the 
p a th  X  ^  W  ^  K  b o th  VCA and LSDA bands are 
only weakly dispersive. However, the VCA bands are 
shifted tow ards the Fermi level, while along the line back 
into the T-point, the  Ferm i-energy crossing of the VCA 
bands takes place closer to  the  K -poin t.
FIG. 4: (Color online) M inority-spin LDA+VCA spectral 
function of NiMnSb (black/w hite density plot) along the same 
BZ p a th  as in Fig. 3. The LSDA bands (red, th in  solid lines) 
are shown for comparison. Param eters are as in Fig. 2.
The m inority-spin band  s tructu re  of LSDA shows an 
indirect gap of about 0.5eV between r  and X -poin t. 
W ith in  th is indirect gap formed by the m ostly N i-d occu­
pied and m ostly M n-d  unoccupied states, the LD A +V CA  
results show substan tia l spectral weight, as can be seen 
in Fig. 4 . Notably, across the  Fermi level a weakly- 
dispersive band  is present, centered around 0. 1eV, rep­
resenting the N Q P states. At higher energies, in the 
range of 1 to  2eV above E F , the VCA bands are sub­
stan tia lly  correlation-narrow ed w ith respect to  LSDA. 
The features above the  Fermi level, including the non­
quasiparticle states, have dom inant M n-d  character. Be­
low the  Fermi level, correlations split off the occupied 
bands having m ainly N i-d character. The spectral weight 
is redistributed: a p a rt is transfered  tow ards the Fermi
level, however w ith smaller weight, while m ost weight is 
transfered tow ards higher binding energies. The same ef­
fect is visible in the density of sta tes plot displayed in 
Fig. 2 . Notice th a t while the shift tow ards higher bind­
ing energies is also seen in the  previous LSD A +D M FT 
calculation 12, the weak shift tow ards the Fermi level is 
only obtained w ithin the present calculation.
In order to  explore correlation effects in more detail, we 
plot in Fig. 5 the  self-energy on M n sites. in the energy 
range ±2eV  around the Fermi level and near the Fermi 
crossing a t k =  (0 .5 ,0 .7 ,0 .3 )n /a . The upper/low er panel 
of Fig. 5 shows the spin resolved rea l/im ag inary  p a rt of 
the electronic M n  self-energy.
<D
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FIG. 5: (color online) Spin resolved self-energy on Mn-d  or­
bitals, a t the crossing point k =  (0.5, 0.7, 0.3).
Below E F , the  m inority-spin self-energy is similar to  
the self-energy of the m ajority  spin channel. Ju s t above 
the Fermi level, however, a clear peak in Im (sV CA) is 
present w ith a m axim um  around the energies of the  non­
quasiparticle sta tes (Fig. 2 and Fig. 4 ) . In previous 
D M FT calculations12, a very sim ilar behaviour of the 
im aginary p a rt of the local self-energy was seen. In th a t 
case, the  pronounced feature above E F was a ttrib u ted  to  
the m inority  M n-d(t2g ) states. The real p a rt of the  self­
energy displays a negative slope d S /d w  <  0 a t the  Fermi 
energy for bo th  spin directions, which confirms th a t the 
quasiparticle weight Z  =  (1 — f ^-)-1  is reduced by cor­
relations. However, while for m ajo rity  spins |d E |/d w | is 
clearly less th an  unity, for m inority  spins |dE ^/dw | >  1 
(w ithin our approxim ation, we cannot determ ine S  w ith 
sufficient accuracy), suggesting the nonquasiparticle na­
tu re  of the m inority  spin sta tes w ithin the gap.
7C. L o w -e n e rg y  sp in  p o la r iz a t io n  a n d  c o m p a riso n  
w ith  e x p e r im e n ts
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FIG. 6: (Color online) Energy-dependent polarization ob­
tained from LSDA and LDA+VCA in comparison w ith d a ta  
from spin-polarized photoemission 8.
To investigate the  consequences of the  m odification of 
m ajority  and m inority  spectral weight a t the Fermi en­
ergy produced by correlations, we tu rn  to  the  issue of 
the spin polarization. This is given by the expression 
P (E )  =  ( N ( E ) -  N ( E ) ) / ( N T( E ) +  N l (E)) ,  N ( E )  be­
ing the spin-resolved density  of states, and is p lo tted  in 
Fig. 6 as a function of energy m easured from the Fermi 
level. The com puted LSDA and VCA values are com­
pared w ith the raw d a ta  obtained from spin-resolved pho­
toem ission m easurem ent by Zhou et al.8. For th is com­
parison, the density of sta tes was m ultiplied w ith the 
Fermi function and a G aussian broadening of 100meV 
was used to  account for experim ental resolution. Zhu 
et.ai8 discuss the appearance of a shoulder close to  the 
Fermi level when proper annealing is perform ed to  re­
store the stoichiom etry in NiMnSb. This shoulder is vis­
ible in the m ajority  spin channel (Fig.2c from Ref. 8) 
and could be an indication for the correlation-induced 
spectral weight transfer of the m ajority  spin states, not 
present in the LSDA calculations. In addition, the value
of the spin polarization a t the Fermi level obtained from 
our LD A +V C A -results is s itua ted  in the interval of val­
ues reported  experim entally2,8,49.
IV . S U M M A R Y
We have investigated the effects of correlations in 
NiM nSb using a combined LD A +V CA  approach. The 
param eters for the  effective non-interacting H am iltonian 
were ob tained using the downfolding procedure, for a ba­
sis including N i and M n-d  orbitals. The m ulti-orbital 
H ubbard-type m any-body H am iltonian was solved us­
ing the V ariational C luster Approach for different val­
ues of UMn/Ni  in the range of 2 — 3eV and J  Mn/Ni  =  
0.65/0.78eV. The results presented do not show signif­
icant differences for the studied range of param eters, 
nor for different double-counting procedures used. We 
showed th a t  the  presence of N i-d  orbitals in the NM TO- 
basis allows for a more com plete description of the  low- 
energy behavior of NiMnSb. In particu lar, it correctly 
describes the spectral weight transfer tow ards the Fermi 
level in the  m ajority  spin channel and the form ation of 
m inority-spin sta tes w ith vanishing quasiparticle weight 
(N Q P states) ju s t above the Fermi level. The analy­
sis of the  m inority-spin spectral function shows for the 
N Q P sta tes a weakly dispersive band  having dom inantly  
M n-d  character. Due to  electron correlations, the cova­
lent N i-M n  d-hybridization in the m ajority-spin  channel 
splits up and p a rt of the weight is transferred  tow ards 
the Fermi level. The simultaneous presence of m ajority  
spin spectral weight transfer tow ards the Fermi level, and 
the occurrence of m inority-spin non-quasiparticle sta tes 
emphasizes the  im portance of correlation effects in this 
m aterial, despite the  small value of U.
Despite the  fact th a t  high-quality films of NiMnSb 
have been grown, they  do not reproduce the half-m etallic 
character of the bulk detected  by spin-polarized positron- 
annihilation 6,7. O n the o ther hand, one should m ention 
th a t the positron annihilation technique only provides 
an evidence for half m etallicity  by m eans of a consistency 
check. In o ther words, the “proof” is carried out by m od­
eling the d a ta  assum ing a half-m etallic band  structure, 
w ith a full m inority  spin gap, from  the outset6,7. For 
th is reason, it would be interesting to  revisit the  analysis 
of the positron-annihilation d a ta  by using the correlated 
band  s tructu re  obtained here, i. e., by taking into ac­
count the existence of N Q P states.
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